The Na ϩ /Cl Ϫ -dependent dopamine transporter (DAT) is critical in terminating dopaminergic transmission by removing the transmitter away from the synapse. Several lines of evidence suggest that transporter-interacting proteins may play a role in DAT function and regulation. In this report, using the yeast two-hybrid system, we have identified a novel interaction between DAT and the multiple Lin-11, Isl-1, and Mec-3 (LIM) domain-containing adaptor protein Hic-5. This association involves the N-terminal portion of the intracellular tail of DAT and the LIM region of Hic-5. In human embryonic kidney 293 cells, Hic-5 colocalizes with DAT at polarized sites and reduces DAT uptake activity through a mechanism involving a decrease in the cell-surface levels of the transporter. A fragment of Hic-5 containing the LIM domains is sufficient to bind DAT but lacks the ability to inhibit transporter activity. In addition, the LIM fragment prevents the effect of the full-length Hic-5 on DAT localization and function. In the brain, Hic-5 protein is expressed in the cerebral cortex, hippocampus, hypothalamus, cerebellum, and striatum, suggesting a role for this protein in the nervous system. The association of the endogenous Hic-5 and DAT proteins was confirmed biochemically by coimmunoprecipitation from brain striatal extracts. Moreover, immunostaining of rat midbrain neurons in culture revealed a presynaptic colocalization of Hic-5 and DAT. Because Hic-5 has been shown to interact with several signaling molecules, including the nonreceptor protein tyrosine kinases focal adhesion kinase and Fyn, this raises the possibility that this adaptor protein may link DAT to intracellular signaling pathways.
Dopaminergic neurotransmission plays a major role in the modulation of locomotor activity, neuroendocrine secretion, and emotion (Sealfon and Olanow, 2000) . Signaling is initiated with the release of dopamine (DA) from presynaptic terminals followed by activation of presynaptic and postsynaptic DA receptors. A critical step that determines the duration and intensity of DA actions is the reuptake of the neurotransmitter back into the synaptic terminal for subsequent release. This action is achieved by the Na ϩ /Cl Ϫ -dependent plasma membrane dopamine transporter (DAT) (Giros and Caron, 1993) . Functional changes in DAT may be involved in the pathogenesis of attention deficit hyperactivity disorder, schizophrenia, and/or neurodegenerative disorders such as Parkinson's disease (Bannon et al., 1998) . In addition, drugs of abuse, such as cocaine and amphetamine, exhibit their reinforcing actions at least in part by interacting with DAT (Amara and Sonders, 1998) . The importance of DAT in controlling DA transmission was demonstrated recently in vivo. Deletion of the DAT gene in mice results in profound behavioral and neurochemical changes, including hyperlocomotor activity, increased dopamine receptor responsiveness, and sensitization to psychostimulants (Giros et al., 1996; Jones et al., 1998; Gainetdinov et al., 1999) .
Molecular cloning of genes encoding DAT and other members of the Na ϩ /Cl Ϫ -dependent transporter family, such as the norepinephrine transporter (NET), serotonin transporter (SERT), and glycine and GABA transporters, reveals a highly conserved primary structure (for review, see Masson et al., 1999) . Their predicted topology suggests the presence of 12 transmembrane domains with intracellular N and C termini. The DAT possesses consensus sequences for phosphorylation by protein kinases (Giros et al., 1991; Kilty et al., 1991; Shimada et al., 1991) , suggesting that phosphorylation might play a role in the regulation of DAT function. Indeed, several studies have shown that regulation of kinase activity in striatal synaptosomal preparations and heterologous cell systems affects DAT uptake activity (for review, see Zahniser and Doolen, 2001 ). This effect is believed to result as a consequence of a rapid redistribution of transporter from the cell membrane (Pristupa et al., 1998; Daniels and Amara, 1999; Melikian and Buckley, 1999; Doolen and Zahniser, 2001) . However, neither the identity of the specific kinases involved in the downregulation of DAT nor the direct substrate for phosphorylation has been identified. It has been proposed that transporter-interacting proteins might regulate directly or indirectly the kinase-dependent effect on DAT activity (Blakely et al., 1998) . This mechanism has been demonstrated for the GABA transporter, where PKC downregulates transporter function by modulating the association of syntaxin with the transporter (Beckman et al., 1998) .
Transporter-associated proteins may also play a broader role in transporter stability, location, and/or function. Lee et al. (2001) have shown recently that DAT activity might be affected by a direct interaction between the C terminus of DAT (CDAT) and ␣-synuclein. DAT function is also regulated by the interaction between DAT and the postsynaptic density-95/discs large/zona occludens-1 (PDZ) domain-containing protein PKC-interacting protein-1 (PICK1) (Torres et al., 2001) . Deletion of the PDZbinding site in DAT impairs the targeting of the mutated transporter to neuronal processes in cultured neurons. Thus, the search for DAT-interacting proteins has opened a new and promising opportunity for a better understanding of the mechanisms involved in the regulation of transporter function. Here, we have identified the focal adhesion protein Hic-5 as a DAT-interacting protein. Hic-5 interacts directly with DAT both in vitro and in vivo. In the brain, Hic-5 is expressed in dopaminergic neurons, where it colocalizes and coimmunoprecipitates with DAT. Our findings suggest that Hic-5 may play an important role as an adaptor protein in the regulation of DAT function.
MATERIALS AND METHODS
Yeast two-hybrid screening. A yeast two-hybrid screening of a human brain library using the intracellular C terminus of DAT as bait was performed as described previously (Torres et al., 2001) . Automated sequencing identified Ͼ20 clones encoding partial sequences of the open reading frame of Hic-5. Fragments expressing the C termini of DAT, N ET (residues 575-617), or SERT (residues 594 -630) or the N terminus of DAT (N DAT) (residues 1-60) were subcloned into pAS2.1 and transformed in pG694a yeast cells with a Hic-5 clone f used to pGAD10 using the LiAc method. Transformation efficiency was verified by growing transformed yeast cells in leucine-and tryptophan-deficient medium, whereas specific interactions between each fragment and Hic-5 were verified by the growth of yeast colonies in leucine-, tryptophan-, and adenine-free medium after 2-5 d of incubation at 30°C.
Cell culture and transfections. Human embryonic kidney 293 (H EK293) cells were maintained in M EM supplemented with 10% FBS and 50 U/ml gentamicin (Invitrogen, Grand Island, NJ). C ells were transfected using the C a 2 PO 4 precipitation method with 10 g of total DNA. After 16 -20 hr at 37°C with the C a 2 PO 4 -DNA mixture, transfected cells were incubated with fresh M EM and allowed to grow for an additional 48 hr.
Western blot anal ysis. Protein samples were prepared by incubation of transfected H EK293 cells with radioimmunoprecipitation assay (RI PA) buffer (in mM): 100 Tris, 150 NaC l, 1 EDTA, 1% Triton X-100, 0.1% SDS, and 1% deoxycholic acid, pH 7.4, for 30 min at 4°C followed by centrif ugation at 14,000 rpm for 10 min. Alternatively, C57BL /6 mice were killed, and brain tissues were dissected and homogenized in RI PA buffer. Samples were analyzed on 10% polyacrylamide gels and electroblotted to nitrocellulose membranes using the Novex precast gel (Wadsworth, OH) and transfer system (Invitrogen, C arlsbad, CA). Hic-5 was detected using a mouse monoclonal antibody raised against the prolinerich region of Hic-5 (BD Transduction Laboratories, San Diego, CA) followed by a secondary HRP-linked anti-mouse antibody (Amersham Biosciences, Uppsala, Sweden). DAT was detected using a rat monoclonal antibody raised against the N-terminal domain of human DAT (Chemicon International Inc., Temecula, CA) and a secondary goat HRP-conjugated anti-rat antibody (Jackson ImmunoResearch, West Grove, PA) . Membranes were blocked in 5% milk in TBS-T (in mM): 10 Tris, pH 7.4, 100 NaC l, and 0.05% T ween 20, for 30 min at room temperature and incubated with the appropriate primary antibody. The primary antibodies were used at a 1:1000 dilution for 1 hr at room temperature for samples from H EK293 cells or at 1:500 for 18 -20 hr at 4°C for samples from brain extracts. The membranes were then washed three times with TBS-T, followed by incubation with secondary antibodies for 1 hr. Immunoreactive bands were detected with the ECL system (Amersham Biosciences).
Glutathione S-transferase f usion protein precipitations. Glutathione S-transferase (GST) constructs containing the entire C -terminal domain of DAT (residues 575-620) or N ET (residues 575-617) were amplified by PCR using Taq polymerase (Fisher, Pittsburgh, PA) containing 10% of Vent polymerase (New England Biolabs Inc., Beverly, M A). Small 10 aa fragments from the C -terminal region of DAT were generated by annealing complementary designed primers (Sigma Genosys, The Woodlands, TX). These constructs were f used in frame into the GST f usion vector PGEX-4T-1 (Amersham Biosciences, Piscataway, NJ) and verified by automated sequencing. GST-f used fragments were expressed in BL XBlue bacterial cells and isolated with glutathione -agarose beads (Amersham Biosciences). Aliquots containing GST f usion fragments were then incubated with either 500 g of protein lysates from transfected H EK293 cells or 1 mg of brain lysate. Mixtures were incubated with GST beads (Amersham Biosciences), washed three times with RI PA buffer, and prepared for Western blotting as described previously.
Immunoprecipitations. Lysates from transfected HEK293 cells or mouse tissue were prepared using RIPA buffer. Immunoprecipitations from HEK293 cell lysates were performed using either anti-hemagglutinin (HA) or anti-myc monoclonal antibodies (Roche Diagnostics Corp., Indianapolis, I N). Aliquots of the cleared lysates (500 g of protein) were incubated with 15 g of the appropriate antibody at 4°C for 16 -18 hr. Protein A Sepharose beads (Amersham Biosciences) were then added and incubated for 2 hr at 4°C. The beads were washed three times with RI PA buffer and prepared for Western blotting. Immunoprecipitations using brain lysates were performed using 1 mg of total protein and 1 g of the anti-Hic-5 antibody. Samples were analyzed by Western blotting as described above.
Transport measurements. Uptake experiments in transfected H EK293 cells were performed as described previously (Giros et al., 1994) . Briefly, 48 hr after transfections, cells were incubated at 37°C for 5 min in 250 l of uptake buffer (in mM): 5 Tris base, 7.5 H EPES, 120 NaC l, 5.4 KC l, 1.2 CaCl 2 , 1.2 MgSO 4, 1 ascorbic acid, and 5 glucose, pH 7.4, containing 20 nM [
3 H]DA (31.6 C i /mmol) and increasing concentrations of cold DA, ranging from 100 to 30 M. C ells were then washed with 500 l of NaC l-free uptake buffer and solubilized for 1 hr in 400 l of 1% SDS. The amount of radioactivity incorporated into the cells was measured by scintillation counting. Data are presented as mean Ϯ SEM. Statistical significance was determined by unpaired Student's t test with a significance criterion of p Ͻ 0.05.
Cell-surface biotinylation. Transfected H EK293 cells were washed with PBS and incubated for 40 min at 4°C with 1 mg /ml sulfosuccinimidyl 2-(biotinamido)ethyl-1, 3-dithiopropionate (sulfo-NHS-SS-biotin; Pierce, Rockford, IL) in (in mM): 150 NaCl, 2 CaCl 2 , and 10 triethanolamine, pH 7.8, followed by incubation with 0.1 M glycine in PBS for 10 min. After two washes with PBS, cells were lysed in 1 ml of RIPA buffer for 1 hr at 4°C, scraped, and centrifuged for 10 min at 4°C. Two aliquots of the supernatant were collected; 5 l were used for total protein normalization in Western blots, and 500 l were incubated with 25 l of 50% avidin beads (Pierce) at 4°C for 16 -18 hr. The beads were washed three times with PBS and prepared for Western blotting using the anti-DAT antibody.
Immunoc ytochemistr y and confocal microscopy. Transiently transfected H EK293 cells were plated on glass coverslips and grown for 48 hr at 37°C. C ells were washed with PBS and fixed with 4% paraformaldehyde for 10 min at 4°C. After three washes with PBS, the cells were blocked in PBS solution containing 5% goat serum, 1% BSA, and 0.05% Triton X-100; Sigma-Aldrich Co., Irvine, CA) for 1 hr at room temperature. Coverslips were incubated for 1 hr with a rat anti-DAT antibody and /or a rabbit anti-Hic-5 antibody (Matsuya et al., 1998) , both at a dilution of 1:1000. After three washes with PBS, cells were incubated with FI TCtagged anti-rabbit or Texas Red-conjugated anti-rat secondary antibodies (Jackson ImmunoResearch) , both at a 1:200 dilution for 1 hr. Coverslips were then washed in PBS and mounted onto glass slides with Vectashield mounting medium (Vector Laboratories, Inc., Burlingame, CA). Neuronal cultures were prepared as described previously (Rayport et al., 1992) . Briefly, Sprague Dawley rat pups (2-4 d of age) were anesthetized by intraperitoneal injection of ketamine HC l (3 mg /pup). Ventral midbrains were dissected and incubated in a dissociation medium under constant oxygenation for 2 hr, followed by trituration with a fire-polished Pasteur pipette in glial medium (M EM, 10% FBS, 0.45% D-glucose, 5 pg /ml insulin, 0.5 mM glutamine, 100 U/ml penicillin, and 100 g /ml streptomycin). Dissociated cells were pelleted by centrif ugation, plated on 24 well plates containing glass coverslips, and allowed to grow for 5-7 d.
C ells were then fixed in 4% paraformaldehyde for 10 min, washed in PBS, and incubated in blocking solution (4% goat serum, 1% BSA, and 0.2% Triton X-100 in PBS) for 30 min followed by incubation with primary antibodies at a 1:500 dilution in 0.25% BSA and 0.2% Triton X-100 in PBS for 16 -18 hr at 4°C. Secondary antibodies were added at a 1:200 dilution and incubated for 2 hr at room temperature. Coverslips were mounted on glass slides, and the samples were visualized using a laser scanning confocal microscope (Z eiss, Thornwood, N Y) at 498 nm for FI TC and 585 nm for Texas Red.
RESULTS

In vitro interaction between DAT and Hic-5
To search for DAT-interacting proteins, we used the yeast twohybrid system to screen a human brain cDNA library using the intracellular C-terminal domain of DAT as bait. From ϳ20 million transformants screened, Ն20 positive clones were found to encode partial sequences of the open reading frame of Hic-5, a 461 aa protein highly homologous to the focal adhesion protein paxillin. Hic-5 was first identified as a TGF-␤-inducible gene and proposed initially to function as a transcription factor because of the presence of four double zinc-finger LIM domains located in the C-terminal half of the protein (Shibanuma et al., 1994 (Shibanuma et al., , 1997 . Although the function of Hic-5 is still not fully understood, its high homology with paxillin, as well as its presence in focal adhesion structures, suggests the involvement of Hic-5 as an adaptor protein regulating focal adhesion dynamics (Thomas et al., 1999) .
We examined the specificity of the DAT and Hic-5 interaction by testing in the yeast two-hybrid system the ability of Hic-5 to bind the C termini of the monoamine transporters NET and SERT. As shown in Figure 1 A, Hic-5 also interacts with the intracellular tails of NET and SERT in yeast, although the interaction with SERT is weaker when compared with that obtained with either DAT or NET. To limit the possibility of a falsepositive interaction, we used the intracellular N-terminal domain of DAT as a control. No interaction between the N terminus of DAT and Hic-5 was detected in yeast ( Fig. 1 A) .
To confirm the interaction of the C terminus of DAT with Hic-5, we performed a GST fusion protein precipitation assay using the complete C terminus of DAT fused to GST (GST-CDAT) (Fig. 1 B) . Results from precipitation experiments with GST beads using mouse whole-brain lysates demonstrate the association between GST-CDAT and Hic-5 under conditions in which GST alone was not able to associate with Hic-5. In addition, the C terminus of NET fused to GST (GST-CNET) also interacts with Hic-5 from brain lysates (Fig. 1 B) . Thus, these findings demonstrate a physical association between the tail of monoamine transporters and the endogenous Hic-5.
Interaction between the full-length Hic-5 and DAT in mammalian cells
We subsequently examined whether the full-length DAT interacts with Hic-5 in mammalian cells by coexpressing the HA-tagged human DAT and the myc-tagged Hic-5 in HEK293 cells. Neither Hic-5 nor DAT were detected in mock-transfected cells as revealed with the anti-Hic-5 and the anti-DAT antibodies, respectively ( Fig. 2 A,B) . Immunoprecipitation with the anti-myc antibody results in the coprecipitation of HA-DAT only when both proteins were coexpressed in HEK293 cells (Fig. 2 A) . In addition, immunoprecipitation of HA-DAT also results in the coprecipitation of Hic-5-myc when both tagged proteins are coexpressed in HEK293 cells (Fig. 2 B) , demonstrating that the association between the full-length DAT and Hic-5 proteins is independent of which protein is first pulled down.
Mapping the interacting domains of the DAT and Hic-5 interaction
Hic-5 contains multiple domains that have been shown to be responsible for protein-protein interactions. The N-terminal half contains four leucine-rich domains (LD) that mediate the interaction between Hic-5 and several focal adhesion proteins, including the focal adhesion kinase (FAK) (Fujita et al., 1998) and cell adhesion kinase ␤ (CAK␤)/Pyk2 (Matsuya et al., 1998; Osada et al., 2001) . In contrast, the C-terminal half contains four LIM domains, each one consisting of two zinc-finger motifs. These domains are responsible for the interaction between Hic-5 and protein tyrosine phosphatase-proline serine threonine (PTP-PEST) (Nishiya et al., 1999) and the glucocorticoid receptor (Yang et al., 2000) . To determine which region in Hic-5 mediates the interaction with DAT, we used two myc-tagged Hic-5 fragments corresponding to the LD domain-containing N-terminal half (residues 1-210; NH-myc) or the multiple LIM domaincontaining C-terminal half (residues 211-461; COOH-myc). These constructs were expressed with DAT in HEK293 cells and assayed for protein-protein interaction by coimmunoprecipitation experiments using the anti-myc antibody. In cells coexpressing COOH-myc and DAT, immunoprecipitation with the antimyc antibody resulted in coprecipitation of DAT. COOH-myc ( 1), pAS2.1/CDAT and pGAD10 ( 2), pAS2.1/NDAT and pGAD10/ Hic-5 ( 3), pAS2.1/CDAT and pGAD10/Hic-5 ( 4), pAS2.1/CNET and pGAD10/Hic-5 ( 5), or pAS2.1/CSERT and pGAD10/Hic-5 ( 6). Positive transformant yeast cells were selected in media lacking tryptophan, leucine, and adenine. CDAT, CNET, and CSERT represent the C terminus of DAT, NET, and SERT, respectively, whereas NDAT represents the N terminus of DAT. B, GST fusion protein precipitation assay using the complete C terminus of DAT or NET fused to GST. Aliquots containing GST fusion fragments were incubated with 1 mg of mouse whole-brain lysate and analyzed by Western blot using a polyclonal anti-Hic-5 antibody.
was as efficient as the full-length myc-tagged Hic-5 at coprecipitating DAT (Fig. 3A) . In contrast, no association was detected when DAT was coexpressed with NH-myc, indicating that the multiple LIM domain-containing C terminus of Hic-5 mediates the interaction between Hic-5 and DAT.
Next, we mapped the residues within the intracellular tail of DAT involved in the interaction with Hic-5. Six 10 aa GST-fused fragments covering the last 60 residues from the C terminus of DAT (Fig. 3B ) were generated and tested for their ability to interact with Hic-5 in precipitation experiments. The strongest interaction was observed between Hic-5 and fragment 2 (residues 571-580), whereas a much weaker interaction was observed when using fragment 1 (residues 561-570) or fragment 3 (residues 581-590) (Fig. 3B) . No interaction was detected when any of the three fragments corresponding to the last 30 aa of DAT were used in the GST precipitation with GST fusion proteins. Together, these results indicate that the interaction between DAT and Hic-5 is mediated by the multiple LIM domain-containing half of Hic-5 and the membrane-proximal portion of the intracellular tail of DAT.
Effect of Hic-5 overexpression on DAT function and localization
Having demonstrated a physical interaction between DAT and Hic-5, we then investigated the effect of Hic-5 overexpression on DAT uptake activity in transfected HEK293 cells. In cells coexpressing Hic-5 and DAT, the total DA uptake activity was decreased by an average of 30% when compared with cells expressing DAT alone (V max ϭ 12.4 Ϯ 1.1 pmol ⅐ min Ϫ1 ⅐ well Ϫ1 in cells expressing DAT vs 8.9 Ϯ 0.6 pmol ⅐ min Ϫ1 ⅐ well Ϫ1 in cells expressing DAT and Hic-5) (Fig. 4 A) . No significant changes in the affinity of DA for the transporter were observed (K m ϭ 1.2 Ϯ 0.24 M in cells expressing DAT vs 1.4 Ϯ 0.31 M in cells expressing DAT and Hic-5). These data suggest that the reduced DAT activity in the presence of Hic-5 is not attributable to changes in the intrinsic properties of DAT but rather to a decrease in the number of transporters expressed at the plasma membrane. To test this hypothesis, we performed biotinylation experiments in HEK293 cells using sulfo-NHS-SS-biotin. This compound, which binds to lysine and arginine residues in proteins, is cell impermeant and can be used to label cell-surface proteins. Cells transfected with either DAT alone or DAT and Hic-5 were incubated with sulfo-NHS-SS-biotin, followed by isolation of labeled proteins with avidin beads and analysis by Western blot using the anti-DAT antibody. As shown in Figure 4 B,C, the levels of DAT at the cell membrane were decreased by an average of 30% when coexpressed with Hic-5, under conditions in which the total levels of transporter protein remained unchanged. Thus, these results indicate that the decrease in DAT uptake activity by Hic-5 overexpression in HEK293 cells results as a consequence of a decrease in cell-surface levels of DAT. As a control, we used the unrelated ␤2 adrenergic receptor. Overexpression of this protein with DAT did not result in inhibition of transporter function, indicating that the reduced activity seen with Hic-5 is not a consequence of a general effect of protein overexpression in DAT function (data not shown).
We subsequently examined the distribution pattern of DAT and Hic-5 when expressed alone or in combination in HEK293 cells. In cells expressing DAT alone, the transporter is distributed throughout the plasma membrane when visualized by immunostaining with the anti-DAT antibody (Fig. 5, top panel ) . In contrast, Hic-5 showed a unique distribution pattern characterized as focalized immunostaining concentrated on one side of the cell (Fig. 5, middle panel ) . No cross-reactivity was observed between the rat anti-DAT and the rabbit anti-Hic-5 antibodies. In cells coexpressing DAT and Hic-5, the distribution pattern of DAT changed dramatically and resembled that of Hic-5 (Fig. 5, bottom  panel ) . The strongest DAT signal was found on one side of the cell, where it colocalized with Hic-5.
To examine the specificity of the Hic-5 and DAT interaction, we tested whether a fragment containing the multiple LIM domain of Hic-5 (COOH-myc) was able to compete with Hic-5 for the interacting site in DAT. As stated before and shown in Figure  6 A, overexpression of Hic-5 reduces DAT activity in HEK293 cells. However, cotransfection of the LIM region of Hic-5 along with Hic-5 and DAT blocked the reduction of DA uptake induced by Hic-5 alone. The LIM region of Hic-5 alone was not able to inhibit DAT activity (Fig. 6 A) . Next, we examined the distribution of Hic-5 and DAT now in the presence of the LIM fragment. Because the Hic-5 polyclonal antibody was raised against an N-terminal epitope of this protein, it does not detect the Hic-5 fragment containing the LIM domains. As shown in Figure 6 B, in cells transfected with Hic-5, DAT, and the LIM fragment, the distribution of Hic-5 and DAT was similar to that observed in cells transfected with the individual constructs. Together, these results suggest that the LIM fragment prevents the effect of the full-length Hic-5 on DAT function by disrupting the association of DAT with the full-length Hic-5 in cells.
Hic-5 colocalizes with DAT in dopaminergic neurons in culture
To establish the physiological significance of our findings in vivo, we examined the cellular distribution of Hic-5 and DAT in cultured rat midbrain neurons by immunocytochemistry using the polyclonal anti-Hic-5 antibody. In non-neuronal cells from these cultures, Hic-5 immunoreactivity was primarily detected in focal structures recognized as elongated tips (Fig. 7A,D, left panel ) . However, in neurons, Hic-5 showed punctate staining that was concentrated at the cell body and along the neuronal processes (Fig. 7B) . Interestingly, specific staining to Hic-5 was consistently seen at the tip of the neuronal projections (Fig. 7D, right panel ) , consistent with the polarized expression of this protein observed in non-neuronal cells. To confirm the specificity of the staining The COOH-myc fragment blocks the downregulation of DAT uptake activity by Hic-5, whereas no effect on uptake activity was observed when the COOH-myc was coexpressed with DAT ‫‪p‬ءءء(‬ Յ 0.001). B, The expression of COOH-myc abolishes the colocalization of DAT and Hic-5 in HEK293 cells. Immunostaining was performed as described using the rat anti-DAT antibody and the polyclonal anti-Hic-5 antibody. Note that the Hic-5 antibody does not detect the Hic-5 fragment containing the LIM region. Scale bar, 25 m.
pattern observed with the polyclonal antibody, a second antibody was used for immunocytochemistry. As shown in Figure 7C , a similar labeling pattern was observed in neurons when using a Hic-5 monoclonal antibody (Fig. 7C) .
Hic-5 has been shown to interact with FAK in mouse fibroblasts and platelets (Fujita et al., 1998; Hagmann et al., 1998; Thomas et al., 1999; Nishiya et al., 2001) . FAK is a nonreceptor tyrosine kinase responsible for the recruitment of various signaling proteins to focal adhesion structures (Parsons et al., 2000) . We then examined whether FAK was present in cultured midbrain neurons using a specific monoclonal FAK antibody. FAK immunoreactivity showed a punctated distribution in cell bodies and tips of neurites, where it colocalized with Hic-5 (Fig. 8 A) . Next, we examined the subcellular localization of Hic-5 in double staining experiments using a syntaxin antibody marker to label presynaptic structures. Syntaxin is a plasma membrane protein implicated in neurotransmitter release and is localized at synaptic junctions of axonal membranes (Hepp and Langley, 2001 ). Hic-5 staining along neurites colocalized extensively with syntaxin, indicating that Hic-5 immunoreactivity is present at presynaptic terminals (Fig. 8 B) . Finally, we examined whether Hic-5 and DAT colocalize in dopaminergic neurons. As shown in Figure 9 (top panel ), DAT immunoreactivity was observed as clusters along the neuronal projections. These DAT containing clusterlike structures in mouse midbrain neurons in culture have been described previously (Torres et al., 2001) . Only a small fraction of the total neurons in culture were labeled with the DAT antibody, whereas Hic-5 immunostaining was observed in a larger population of neurons and non-neuronal cells. Double staining with DAT and Hic-5 antibodies revealed extensive overlap of these proteins along neuronal processes, demonstrating that Hic-5 is expressed in dopamine neurons and colocalizes with DAT. Because Hic-5 was shown to interact with FAK, we examined whether this kinase was also expressed in dopamine neurons. As shown in Figure 9 (bottom panels), FAK immunoreactivity was detected in DAT-positive neurons.
Interaction between DAT and Hic-5 in brain Jia et al. (2001) recently reported the only evidence available showing the distribution of Hic-5 protein in mouse tissues. By immunoblot analysis, Hic-5 was shown to be highly expressed in the large intestine, lung, spleen, testis, and uterus; moderately expressed in the brain, kidney, heart, small intestine, and liver; and undetectable in the pancreas and in skeletal muscle (Jia et al., 2001) . We then assessed the expression pattern of Hic-5 in different regions of the brain by Western blot analysis using a specific polyclonal anti-Hic-5 antibody. As shown in Figure 10 A (top panel ), Hic-5 was expressed in all brain areas examined, with higher levels in the cerebellum, prefrontal cortex, and hypothalamus and lower levels in the thalamus, hippocampus, and striatum. In addition, we observed high levels of Hic-5 protein in spinal cord (Fig. 10 A) . DAT protein was only detected in the striatum (Fig. 10 A, bottom panel ) , consistent with the high content of this transporter protein in dopaminergic terminals reaching the striatum (Freed et al., 1995) .
The association between DAT and Hic-5 in vivo was demonstrated by coimmunoprecipitation experiments using the antiHic-5 antibody. DAT was coprecipitated from striatal tissue extracts but not from the cerebellum (where DAT is not expressed) or muscle (where neither DAT nor Hic-5 is expressed) (Fig. 10 B) . No interaction between DAT and Hic-5 was detected when an irrelevant antibody was used in the immunoprecipitation (Fig.  10 B, inset) . Together, our findings demonstrate that the adaptor protein Hic-5 exists in dopamine neurons, where it forms a protein complex with DAT.
DISCUSSION
In this study, we demonstrate that the dopamine transporter interacts in vitro and in vivo with the multiple LIM domaincontaining protein Hic-5, a member of the focal adhesion family of adaptor proteins. This interaction is mediated by the aminoproximal portion of the intracellular C terminus of DAT and the multiple LIM domain region of Hic-5. DAT and Hic-5 coimmunoprecipitate from brain striatal lysates and synaptically colocalize in midbrain dopaminergic neurons in culture. Hic-5 also interacts with the C termini of NET and to a lesser extent with that of SERT, suggesting that similar interactions might operate in the regulation of other monoamine transporters.
Localization of Hic-5 in central neurons
Hic-5 was first identified as a transforming growth factor-␤1-inducible gene in a mouse osteoblastic cell line (Shibanuma et al., 1994). Analysis of the primary sequence of Hic-5 reveals that this protein presents high homology to paxillin, a focal adhesion adaptor protein that regulates integrin-and growth factormediated signaling mechanisms involved in cell motility (Schaller, 2001) . In fibroblasts, Hic-5 localizes to focal adhesions and contains protein-protein-interacting domains, including four LIM motifs and four leucine-rich repeats that have been shown to mediate interactions with several signaling molecules, including the nonreceptor tyrosine kinase FAK (Fujita et al., 1998; Hagmann et al., 1998; Thomas et al., 1999; Nishiya et al., 2001) , CAK␤/Pyk2 (Matsuya et al., 1998; Osada et al., 2001) , PTP-PEST (Nishiya et al., 1999) , and the glucocorticoid receptor (Yang et al., 2000) . Based on these findings, it has been proposed that Hic-5 regulates focal adhesion dynamics functioning as a scaffolding protein. Although its function is not fully understood, in peripheral cells, Hic-5 might be involved in mechanisms regulating cell survival, migration, growth, and differentiation (Thomas et al., 1999) .
However, despite the attention that Hic-5 has received as a focal adhesion protein in non-neuronal cells, nothing is known Hic-5 is expressed in all brain areas examined, whereas DAT protein is detected only in the striatum. B, Coimmunoprecipitation of DAT and Hic-5 with the anti-Hic-5 antibody. DAT is coprecipitated by the Hic-5 antibody only in the striatum, where both proteins are expressed, but not in the cerebellum or skeletal muscle (Sk. muscle). DAT is not immunoprecipitated when an irrelevant antibody is used (inset). IP, Immunoprecipitation; C, cerebellum; S, striatum, M, muscle. about the role of this protein in the nervous system. The only available information regarding Hic-5 in the brain comes from the analysis of RNA and protein expression from total brain by Northern and Western blot analysis, respectively (Shibanuma et al., 1994; Jia et al., 2001) . In this study, using a specific antibody against Hic-5, we show for the first time the expression of this protein in several brain regions, including the cerebral cortex, hippocampus, hypothalamus, cerebellum, and striatum. In addition, in rat midbrain neurons in culture, Hic-5 shows a punctated localization throughout the neuronal cell body and processes and colocalizes with the focal adhesion protein FAK. These findings represent the first demonstration of the localization of Hic-5 in central neurons and thus suggest a role for this protein in neuronal function.
Molecular mechanism involved in the Hic-5 and DAT interaction
We have identified a string of residues within amino acids 571 and 580 in the C terminus of DAT as the main Hic-5-interacting domain. Several residues from this sequence, including Y578, K579, and F580, are conserved in the human NET protein and thus represent putative Hic-5-interacting sites. A detailed mutagenesis study will be necessary to assess the role of these residues in the Hic-5/DAT interaction. Our results also demonstrate that the C-terminal half of Hic-5, which contains the LIM domains, is responsible for the interaction with DAT. In heterologous cells, Hic-5 colocalizes with DAT on one side of the cell and reduces DAT activity by decreasing the cell-surface levels of the transporter. Thus, it appears that Hic-5 recruits DAT to polarized sites in cells, preventing the uniform delivery of transporter proteins to the cell membrane. Alternatively, Hic-5 might increase the turnover of DAT at the cell membrane. Interestingly, a fragment of Hic-5 containing the LIM region prevents the effect of the full-length Hic-5 on DAT localization and function. This fragment binds to DAT but does not inhibit transporter function, indicating that the effect of Hic-5 on DAT function and distribution not only requires interaction with the transporter but also recruitment to polarized sites in cells.
Possible role of the interaction between Hic-5 and DAT
The synaptic colocalization of Hic-5 and DAT in dopamine neurons in culture as well as the physical association of these two proteins in striatal tissue suggest a role for Hic-5 in DAT function. Hic-5 might act as an adaptor protein, recruiting signaling proteins to macromolecular complexes. In fibroblasts, platelets, and heterologous cells, Hic-5 was shown to interact with the protein tyrosine kinase FAK (Fujita et al., 1998; Hagmann et al., 1998; Thomas et al., 1999; Nishiya et al., 2001 ). We show here that FAK colocalizes with Hic-5 and with DAT in dopamine neurons. It is tempting to speculate that Hic-5 functions as a scaffolding protein connecting the transporter to intracellular proteins and signal transduction pathways that may include FAK. Interestingly, in mouse striatal synaptosomes and Xenopus oocytes expressing the human DAT, inhibition of protein tyrosine kinases results in a decrease in DAT activity (Simon et al., 1997; Doolen and Zahniser, 2001) . These findings were interpreted as a result of a rapid redistribution of transporter molecules from the cell membrane to intracellular compartments (Doolen and Zahniser, 2001 ). However, the tyrosine kinase(s) involved in the DAT downregulation has not been identified. It is also unknown whether the tyrosine kinase-dependent inhibition of DAT function is caused by direct phosphorylation of the transporter or by an accessory protein involved in trafficking. Thus, FAK might regulate DAT function through a mechanism in which the transporter is associated with the kinase via Hic-5. In support of this hypothesis, we have observed an interaction between Hic-5 and FAK in synaptosomes from mouse striatum (A. Carneiro, unpublished observations). Alternatively, DA or DAT substrates might regulate FAK function through the activation of DAT, suggesting a role for DAT in FAK-mediated signaling mechanisms. Such a mechanism has been proposed for the glutamate ionotropic AMPA receptor. Activation of AMPA receptors with glutamate increases FAK catalytic function in Bergmann glia cells through a mechanism involving an interaction between the AMPA receptor and FAK (Millan et al., 2001 ). In addition, Hayashi et al. (1999) have recently shown a functional interaction between AMPA receptors and the Src-family nonreceptor protein tyrosine kinase Lyn. Another interesting possibility is the involvement of the protein tyrosine kinase Fyn in DAT regulation, because Fyn was shown recently to phosphorylate Hic-5 (Ishino et al., 2000) . Thus, the association of Hic-5 with DAT might be regulated by tyrosine phosphorylation. Such a mechanism has been shown for NMDA receptors. Kohr and Seeburg (1996) demonstrated that NMDA receptor-associated currents were potentiated in the presence of Fyn.
Protein-protein interactions regulating plasma membrane neurotransmitter transporters
By regulating the extracellular levels of DA at the synapse, the DAT protein has emerged as an indispensable molecule controlling dopaminergic transmission in the brain. Deletion of the DAT gene in mice results in profound changes in neuronal plasticity, dopamine receptor responsiveness, sensitivity to psychostimulants, and locomotor activity (Gainetdinov et al., 1999) . However, little is known about the molecular mechanisms and the protein interactions that regulate DAT expression and function. For other neurotransmitter transporters, recent evidence supports the involvement of interacting proteins in the regulation of transporter function. The neuronal glutamate transporters excitatory amino acid carrier-1 and excitatory amino acid transporter-4 (EAAT4) were shown to interact with a novel family of interacting proteins termed glutamate transporter associated proteins (GTRAPs) Lin et al., 2001 ). GTRAP41 and GTRAP48 increase the activity of EAAT4 by a mechanism involving an increase in the cell-surface transporter molecules, suggesting that these interactions may modulate the synaptic localization of EAAT4 ). In the case of GABA and glycine transporters, an interaction with syntaxin, plasma membrane proteins associated with the synaptic vesicle release machinery, has also been demonstrated (Beckman et al., 1998; Geerlings et al., 2001; Horton et al., 2001) . Syntaxin binding to GABA and glycine transporters appears to regulate their redistribution to and from the cell membrane. We have identified previously an interaction between DAT and the PDZ domaincontaining protein PICK1 (Torres et al., 2001) . This association involves the PDZ domain of PICK1 and the last three residues of the transporter. The PICK1 binding site in DAT is essential for the proper targeting of the transporter to neuronal processes, indicating that a specific protein-protein interaction appears to regulate the localization of DAT in neurons. In addition, synuclein, a presynaptic protein implicated in the expression of some forms of Parkinson's disease, also binds DAT and regulates the membrane expression of the transporter ). The results presented here provide evidence for the association of the adaptor protein Hic-5 with DAT. Such interaction could serve to regulate DAT integrity and/or location, in addition to modulating transporter properties.
It becomes evident that protein-protein interactions play a major role in the function of DAT at least at three different levels. First, protein-protein interactions must be required during the early stages of the cell biology of DAT (i.e., synthesis, assembly, and trafficking of the transporter through intracellular membranes). Second, the specific targeting of DAT to perisynaptic membranes of nerve terminals also suggests that specific proteinprotein interactions must contain localization signals that target the transporter to specialized membrane compartments. We have shown previously that the interaction of DAT with PICK1 appears to regulate the localization of the transporter in neurons. Third, activation of several second-messenger systems affects the trafficking of DAT to and from the cell membrane. In DATexpressing cells treated with phorbol esters or protein tyrosine kinase inhibitors, transporters are rapidly redistributed from the cell surface to intracellular compartments (Zahniser and Doolen, 2001 ). Thus, transporter-associated proteins must participate in the internalization and/or recycling of DAT from or to the cell surface.
The regulation of DAT in neurons may be far more complex than anticipated. Given the significance of DAT in normal and abnormal brain function, the identification of interacting proteins provides new opportunities to dissect the accessory components involved in transporter function and regulation. Our data suggest that Hic-5, a multiple LIM domain-containing protein, associates with DAT and may function as an adaptor protein that links the transporter to a macromolecular signaling complex. Future studies should be aimed at examining the physiological implications of this linkage.
